Our previous study showed that CD151 promotes neovascularization and improves blood perfusion in a rat hindlimb ischemia model. In this study, we investigated whether CD151 promotes neovascularization and improves ventricular function after myocardial infarction in rats and the mechanisms involved. Rats were subjected to sham surgery or coronary artery ligation. We used rAAV for direct delivery of the human CD151 gene into the rat myocardium. At 4 weeks after coronary artery ligation, human CD151 mRNA was detected using RT-PCR. Measurement of capillary density was evaluated using immunostaining for von Willebrand factor, and hemodynamic variables and physiological parameters were monitored. Western blot analysis for CD151, PI3K, phosphorAkt, total Akt, phosphor-eNOS, and total eNOS was performed. In addition, we also observed the effect of CD151 on the expression of VEGF using Western blot analysis. CD151 gene delivery could increase the expression of CD151 at gene and protein levels. Overexpression of CD151 could increase the number of microvessels in the ischemic myocardium and significantly improved the hemodynamic variables after myocardial infarction. In addition, CD151 could activate the PI3K pathway, including activation of Akt and eNOS, but did not affect the expression of VEGF. This study suggested that CD151 could promote neovascularization and improve ventricular function after myocardial infarction in rats. The mechanism may be that CD151 can activate the PI3K pathway and promote neovascularization via the PI3K pathway, without affecting ischemia-induced VEGF expression.
INTRODUCTION
Therapeutic angiogenesis may be beneficial in the treatment of ischemia, as has recently been substantiated by a large amount of experimental data. Ischemic heart diseases develop as a consequence of coronary atherosclerotic lesion formation. Coronary collateral vessels and microvascular angiogenesis, which ameliorate the function of the damaged heart, develop as an adaptive response to myocardial ischemia. Previous studies have shown that CD151-induced formation of cord-like structures on matrigel is an in vitro model of angiogenesis. In addition, CD151 antibody inhibition of cord-like structures on matrigel seen in NIH3T3 cells was confirmed using HUVECs, suggesting that CD151 may contribute to angiogenesis (1, 2) . Our research has revealed that CD151 promotes neovascularization and angiogenesis, which suggests that CD151 is a potential therapeutic reagent for treating ischemia by inducing angiogenesis (3) . Whether CD151 promotes neovascularization and angiogenesis after myocardial infarction in rats is still unclear, however; the precise molecular mechanisms responsible for the function of CD151 are still poorly defined, and the signaling pathways involved need to be better defined.
Many growth factors and hormones have been shown to exert their cellular functions, including the activation of eNOS activity, via the PI3K/Akt signaling pathway (4) . We hypothesized that CD151 may activate the PI3K/Akt pathway and affect angiogenesis. Recombinant adenoassociated virus (rAAV) presents several biological properties that render it suitable as a vector for long-term expression of therapeutic genes. The virus is nonpathogenic and elicits an attenuated host inflammatory response. In addition, rAAV has tropism for many mammalian cell types and has the capacity for integration into the host genome, thereby permitting prolonged expression of the transgene (5) . To test whether CD151 promotes neovascularization and angiogenesis after myocardial infarction, we used rAAV for direct delivery of the human CD151 gene into the rat myocardium, evaluating the effect of CD151 on the PI3K pathway and neovascularization. Therefore, the purpose of this study was to determine the mechanisms by which CD151 promotes neovascularization after myocardial infarction.
MATERIALS AND METHODS

Preparation of rAAV-CD151 and rAAV-GFP
The rAAV vector plasmid, the adenovirus helper plasmid pXX6, and the packaging plasmid pXX2 have been described (3, 6) . Briefly, dsAAV-CD151 and dsAAV-GFP vector plasmids were constructed by inserting the human CD151 cDNA and GFP cDNA, respectively, into the rAAV vector driven by cytomegalovirus (CMV) promoter. The vec-
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tors for rAAV-CD151 and rAAV-GFP were prepared using a triple-plasmid cotransfection method in 293 cell lines, as described (7) . A total of 85 μg of plasmid DNA per 15-cm plate (dsAAV-CD151 or dsAAV-GFP/pXX2/pXX6 in 1:1:1 molar ratios) were used for transfection. In large-scale rAAV preparations, a singlestep gravity-flow column purification method was carried out as described (8) . The eluted rAAV was divided into aliquots and stored at -80°C.
To measure the titer of rAAV vectors, 5 μL rAAV vector was digested with 5 units DNase I at 37°C for 1 h followed by digestion with 100 μg proteinase K in proteinase K buffer for 1 h at 37°C. The reaction was then extracted with an equal volume of phenol/chloroform/ isoamyl alcohol, and the titer of rAAV-CD151 and rAAV-GFP was determined by quantitative real-time PCR (Realtime PCR Master Mix, Japan) (9).
Myocardial Infarction and Intramyocardial Gene Delivery
Rats (Animal Apply Center, Tongji Medical College, Wuhan, China) weighing 200-250 g were randomly divided into 4 groups and subjected to sham surgery or coronary artery ligation. Under pentobarbital anesthesia (60 mg/kg intraperitoneally), acute myocardial infarction (AMI) was induced by ligation of the left anterior descending coronary artery. Briefly, after intubation of the trachea an incision was made in the skin overlying the 4th intercostal space, with the overlying muscles separated and kept aside. The animals were put on positive-pressure ventilation (frequency 65-70/min, tidal volume 3 mL), and the thoracic cavity was opened by cutting the intercostal muscles. The heart was carefully pushed to the left, and 6.0 silk suture was looped under the left descending coronary artery near the origin of the pulmonary artery. Proper occlusion of the coronary artery resulted in an extensive transmural infarction comprising a major part of the LV free wall, with small variations in size. Coronary occlusion was confirmed by the presence of deep S waves on the electrocardiogram (ECG) and ventricular arrhythmias within the 1st 20-30 min after occlusion.
Rats with myocardial infarction were assigned to groups treated with saline (AMI + saline), rAAV-GFP (AMI + rAAV-GFP), or rAAV-CD151 (AMI + rAAV-CD151 particles of rAAV-GFP. After returning the heart to its normal position, the suture was tied. The intercostal space was closed by pulling the ribs with 3.0 silk, the muscles were returned to their normal position, the skin incision was sutured, and the animals were allowed to recover. All experiments were conducted in accordance with the institutional guidelines for animal research and conform with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publ. no. 85-23, revised 1996).
RT-PCR Analysis
At 4 weeks after coronary artery ligation, RNA was extracted from fresh rat tissues from the ischemic area using Trizol (Gibco), according to the manufacturer's instructions. Human ECV304 cells (human umbilical vein endothelial cell line) were purchased from China Center for Type Culture Collection (China) and cultured in DMEM supplemented with 10% FBS, penicillin, and streptomycin. ECV304 cells transfected with rAAV-CD151 were used as positive control. RT-PCR analysis specific for human CD151 (forward primer, 5′-GAGGTCTATG GGTGAGTTCAACGAG-3′; reverse primer, 5′-AATTCCTCAGGCGTAGTC-3′) and β-actin (forward primer, 5′-GGAGA AGGACCCAGATC-3′; reverse primer, 5′-GATCTTCATGAGGTAGTCAG-3′) was then performed using the RT-PCR kit (Takara Biotechnology) according to the manufacturer's instructions.
Western Blot Analysis
Tissue samples from the infarcted area of 3 to 5 rats per group were dissected. The tissues were homogenized in 500 μL of 25 mmol/L Tris-HCl (pH 7.4) containing 1% Triton X-100, 0.1% SDS, 2 mmol/ L EDTA, and 1% protease inhibitor cocktail (Sigma) and centrifuged at 14000g for 30 min at 4°C. The supernatants were used for Western blot analysis, with specific antibodies detecting CD151 (Serotec, UK), PI3K (p110), phosphor-Akt
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, total Akt, phosphor-eNOS 1177 , total eNOS, and VEGF (Santa Cruz, CA, USA). According to standard protocols, the blots were probed with various primary antibodies, and the HRP-conjugated secondary antibodies were used to reveal the specific protein bands with ECL detection reagents. The intensities of the various protein bands were quantified by densitometry.
Measurement of Capillary Density
Blood vessels were highlighted by immunostaining for von Willebrand factor (vWF) (Invitrogen), visualized with diaminobenzidine (DAB). In brief, the hearts were fixed in 10% neutralbuffered formaldehyde for 12 h and embedded in paraffin, cut into 5-μm sections, and deparaffinized with a graded series of xylene and ethanol solutions. Sections were deparaffinized and microwave-treated for 10 min twice in 10 mM sodium citrate (pH 6.0). Endogenous peroxidase in the section was blocked by incubating them in endogenous peroxidase blocking solution for 10 min at room temperature. A rabbit polyclonal antibody against vWF protein was used as primary antibody in a 1:70 dilution at 4°C for 18 h. After washing 3 times with PBS, sections were incubated with biotin-conjugated anti-rabbit secondary antibody for 10 min. They were then washed 3 times with PBS, treated with streptavidin-peroxidase for 10 min, and washed again with PBS 3 times. Fi-nally, specimens were incubated in DAB for 5 min, followed by hematoxylin counterstaining. The density of capillaries in each field was evaluated by counting vessels in a total of 5 high-power fields (magnification ×400) per region per heart under ocular micrometers (Olympus).
Hemodynamic Variables and Physiological Parameters
Under pentobarbital anesthesia, hemodynamic variables were monitored using a catheter tip manometer (AD Instruments) advanced from the right carotid artery via the aortic arch into the left ventricle (LV), providing parameters of global ventricular function such as left ventricular end-diastolic pressure (LVEDP), left ventricle end-systolic pressure (LVESP), and the maximalminimum rate of LVP (±dp/dt max ) were measured and evaluated. All values were acquired in repeated heart cycles, and for an individual heart, each value was expressed as the mean of 5 cardiac cycles/time point.
The animals were anesthetized with pentobarbital and the hearts were removed. The whole heart and left ventricle were then weighed. The interventricular septum was included in the left ventricular weight. Left ventricle/body weight and whole heart/body weight were calculated.
Statistical Analysis
Data were expressed as mean ± SEM. Comparisons of parameters among the 4 groups were performed by 1-way ANOVA, followed by Newman-Keuls test for unpaired data. Comparisons of parameters between 2 groups were made by unpaired Student t test. P values of < 0.05 were considered statistically significant.
RESULTS
CD151 Gene Delivery Increases the Expression of Human CD151 mRNA and Protein
Human CD151 mRNA was detected in the hearts of the AMI + rAAV-CD151 group and the ECV304 cells transfected with rAAV-CD151 (positive control), but not in the other group that received rAAV-GFP or saline (Figure 1 ). Similar levels of β-actin mRNA were detected in all tested tissues, confirming the integrity of prepared RNA.
The expression of CD151 protein was increased significantly (P < 0.05) in the AMI + rAAV-CD151 group compared with other groups (Figure 2 ). There was no significant (P > 0.05) difference of the expression of CD151 between the AMI + rAAV-GFP, AMI + rAAV-saline, and sham-operated groups. The results indicated that rAAV-CD151 administration could promote CD151 protein expression, which confirmed that rAAVmediated gene transfer could drive stable long-term expression of the CD151 gene in vivo.
Analysis of Capillary Density
Immunohistochemical staining for vWF showed higher microvessel densities in the AMI + rAAV-CD151 group and less neovascularization in the AMI + rAAV-saline or AMI + rAAV-GFP groups ( Figure 3A) . Hearts of the sham-operated group were relatively avascular. The densities of total microvessels were higher in the AMI + rAAV-CD151 group than in the AMI + rAAV-saline or AMI + rAAV-GFP groups ( Figure 3B ). There were no significant differences (P > 0.05) between the AMI + rAAV-saline group and the AMI + rAAV-GFP group-the number of microvessels was similar between the groups.
Hemodynamic Variables and Physiological Parameters
There were significant (P < 0.05) differences observed in hemodynamics between the AMI + rAAV-CD151 group and the other groups ( Table 1 ). The cardiac function in AMI was markedly deteriorated compared with sham-operated rats. rAAV-mediated CD151 gene delivery significantly improved the hemodynamic variables, including increase in LVESP and ±dp/dt max and decrease in LVEDP. These data indicate an improvement in systolic and diastolic functions by rAAV-CD151 treatment.
In addition, we measured the ratio of left ventricular weight/body weight and heart weight/body weight. As shown in Table 1 , left ventricular weight/body weight among these groups was not changed at 4 weeks after AMI. However, heart weight/body weight ratios in the AMI + rAAV-CD151 group, AMI + rAAV-saline group, and AMI + rAAV-GFP group were increased compared with the sham group-AMI resulted in an increase in heart weight/ body weight. Heart weight/body weight in the AMI + rAAV-CD151 group was reduced compared with the AMI + rAAV-saline group and AMI + rAAV-GFP group after AMI. CD151 gene delivery tended to reduce heart weight/ body weight after AMI compared with the AMI + rAAV-saline and AMI + rAAV-GFP groups.
Western Blot Analysis
To test whether CD151 activates the PI3K pathway, Western blots for PI3K, total Akt, total eNOS, phosphor-Akt, and phosphor-eNOS protein were performed 4 weeks after intramyocardial gene delivery. the ratio was increased significantly (P < 0.05) in the AMI + rAAV-CD151 group compared with the AMI + rAAV-GFP, AMI + rAAV-saline, and sham-operated groups, whereas there were no significant differences (P > 0.05) among the AMI + rAAV-GFP, AMI + rAAV-saline, and sham groups ( Figure 4C,D) . These results suggest that overexpression of CD151 activates the PI3K pathway and increases phosphorylation of Akt and eNOS, leading to activation of eNOS. In addition, we detected the expression of VEGF after gene transfection. The expression of VEGF increased significantly (P < 0.05) in rats after AMI compared with the sham group, but there were no significant differences (P > 0.05) among the rats subjected to sham surgery or coronary artery ligation ( Figure 4E,F) , which suggests that overexpression of CD151 did not affect the expression of VEGF.
DISCUSSION
Angiogenesis is a complex process involving endothelial cell proliferation, migration, remodeling of extracellular matrix, and formation of tubular structures. Angiogenesis can be quantified by different methods based on the microscopic evaluation of tissue vascularization using antibodies with affinity for specific epitopes on the endothelial cell, such as VEGF, CD31, CD34, and vWF or factor VIII (10-12). According to Tomoda et al. (13) and Sion-Vardy et al. (14) , anti-vWF is the antibody of choice in the assessment of angiogenesis, so the expression of vWF was evaluated in the present study. Our observation showed that delivery of the CD151 gene increased capillary density after AMI in rats, which is consistent with our hypothesis.
Previous studies have shown that Akt is a serine/threonine protein kinase that is recruited to the membrane by its binding to PI3K-produced phosphoinositides. At the membrane, Akt is phosphorylated and activated by phosphoinositidedependent kinases (4, 15) . Akt subsequently phosphorylates and activates eNOS. Formation of NO has been found We found that CD151 gene delivery increased the expression of PI3K significantly (P < 0.05) in the AMI + rAAV-CD151 group compared with the AMI + rAAV-GFP, AMI + rAAV-saline, and sham-operated groups ( Figure 4A,B) .
There was no significant (P > 0.05) difference of the expression of total eNOS and total Akt protein in the 4 groups. When phosphor-Akt and phosphor-eNOS levels were normalized with the expression of Akt and total eNOS protein, respectively,
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to occur after activation of PI3K and Akt, which phosphorylates eNOS (16, 17) . eNOS, and its subsequent product, NO, has a crucial role in the regulation of vascular tone, vascular remodeling, and angiogenesis (18) (19) (20) . In the present study, we showed that CD151 gene delivery increased the expression of CD151 protein; at the same time the expression of PI3K, phosphorylation of Akt, and phosphorylation of eNOS protein increased as well, but the total Akt and eNOS had no change in the 4 groups, which indicated that CD151 could activate the PI3K pathway, leading to activation of Akt and eNOS via phosphorylation, and increase the activity of eNOS. Studies have shown that ischemia acts as a stimulus for eNOS activation, resulting in increased eNOS activity and increased NO release (21) . We found increased capillary density induced by AMI, but we were unable to detect any difference in increases in phosphorylated Akt and eNOS in the rAAV-GFP or saline groups compared with the sham group. The reason for this discrepancy remains enigmatic. Numerous molecules have been reported to take part in the process of angiogenesis. VEGF is considered one of the most important growth factors in angiogenesis (22) . Previous studies have demonstrated that the endothelial cell mitogen VEGF promotes neovascularization in vitro and in vivo (23, 24) . To determine whether VEGF is involved in the angiogenic effect of CD151, we measured VEGF expression after gene transfer. In ischemic rat myocardium, the increased VEGF levels could contribute to coronary microvascular density after MI, and the increased VEGF levels could promote angiogenesis. The induction of VEGF expression might explain the principal mechanism in VEGF's role in ischemia-induced in vivo angiogenesis. Interestingly, there was no significant change in VEGF expression of animals treated with rAAV-CD151 compared with other animals with myocardial infarction, which indicated that rAAV-CD151 gene transfer did not affect VEGF protein levels. These results indicate that CD151-induced angiogenesis is not mediated by VEGF. Our present study demonstrated that activation of the PI3K pathway by CD151 augments neovascularization in ischemic myocardium without affecting ischemia-induced VEGF expression following MI after CD151 gene delivery. The mechanisms by which CD151 affects the PI3K pathway and angiogenesis are unknown at present. The most likely hypothesis is that CD151 can function as a transmembrane linker interacting with proteins regulating the PI3K/Akt pathway.
In addition, the present study showed that ±dp/dt max was increased in the AMI + rAAV-CD151 group. Systolic contractility, assessed as LVESP, tended to improve after CD151 gene delivery. Diastolic relaxation, as determined by LVEDP, was improved after underpacing conditions, too. rAAV-mediated CD151 gene delivery significantly improved the hemodynamic variables, the possible mechanisms being (1) increase in capillary density or (2) inhibitory heart remodeling-CD151 gene delivery tended to reduce heart weight/body weight after AMI. After myocardial infarction, ventricular remodeling occurs in both the myocardium surrounding the infarcted tissue (border zone) and the myocardium remote from the infarct to preserve cardiac output and limit wall stress. The activation of the PI3K/Akt pathway by CD151 leads to phosphorylation of eNOS. NO derived from eNOS can modulate many of the processes leading to ventricular remodeling. In clinical studies, long-term administration of nitrates (NO-donor compounds) limited LV remodeling after MI (25) . NO causes systemic vascular relaxation (26) , thereby reducing cardiac preload and afterload. Much evidence suggests that NO can increase angiogenesis (27) , decrease cardiac fibrosis (28) , and decrease angiotensin II-induced cardiac myocyte hypertrophy (29) , all of which could limit ventricular remodeling after MI.
Our findings also indicate that rAAV is an efficient vector for in vivo transfer and sustained expression of therapeutic genes into the myocardium and that rAAV-mediated CD151 gene transfer provides effective and long-lasting protection from AMI-induced myocardial injury.
In summary, we extend our previous findings, demonstrating that CD151 activates the PI3K/Akt pathway, induces neovascularization and angiogenesis, and improves ventricular function after myocardial infarction in rats. To our knowledge, this is the first documentation that CD151 promotes neovascularization in the postinfarcted heart. The preliminary data, although very encouraging, need to be well discussed and further study surely continued. It is possible that further study of CD151 will provide clues for better understanding its function and may help uncover novel therapeutic strategies for regulating the angiogenic process.
